Vulnerability and costs of adaptation strategies for housing subjected to flood risks: Application to La Guérinière France by Creach, Axel et al.
HAL Id: hal-02114564
https://hal.archives-ouvertes.fr/hal-02114564
Submitted on 29 Apr 2019
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Vulnerability and costs of adaptation strategies for
housing subjected to flood risks: Application to La
Guérinière France
Axel Creach, Emilio Bastidas-Arteaga, Sophie Pardo, Denis Mercier
To cite this version:
Axel Creach, Emilio Bastidas-Arteaga, Sophie Pardo, Denis Mercier. Vulnerability and costs of adap-
tation strategies for housing subjected to flood risks: Application to La Guérinière France. Marine
Policy, Elsevier, 2019, ￿10.1016/j.marpol.2019.02.010￿. ￿hal-02114564￿
 
1 
Please cite this paper as: 
Creach A., Bastidas-Arteaga E, Pardo S., Mercier D. (2019). Vulnerability and costs of adaptation strategies for housing 
subjected to flood risks: application to La Guérinière France. Marine Policy, In press  
https://doi.org/10.1016/j.marpol.2019.02.010 
 
Vulnerability and costs of adaptation strategies for housing 
subjected to flood risks: application to La Guérinière France 
 
Axel Creach 1,2, Emilio Bastidas-Arteaga 3, Sophie Pardo 4 and Denis Mercier 5 
 
1. Université de Nantes, Centre François Viète d’histoire des sciences et des techniques (EA 1161), UFR des 
Sciences et des Techniques de Nantes, 2, rue de la Houssinière, BP 92 208 - 44322 Nantes, France, Axel.Creach@univ-
nantes.fr 
2. Laboratoire LETG-Nantes Géolittomer, UMR 6554, CNRS, Axel.Creach@univ-nantes.fr 
3. Université de Nantes, Institut de Recherche en Génie Civil et Mécanique (GeM), UMR 6183, CNRS, 
Emilio.Bastidas@univ-nantes.fr 
4. Université de Nantes, Institut d'Economie et de Management de Nantes, Sophie.Pardo@univ-nantes.fr 
5. Université Paris-Sorbonne (Paris IV), UFR de Géographie et d’Aménagement, Laboratoire ENeC, UMR 8185, 
CNRS, denis.mercier@paris-sorbonne.fr 
 
Abstract 
 
Coastal flooding along the Atlantic coast caused by Storm Xynthia killed 41 people. The location and 
configuration of residential housing were the main factors affecting the vulnerability of people to 
flooding. The French government responded by destroying buildings in the most flood-prone areas and 
relocating residents to safer areas. This strategy attracted much criticism, in particular because of the 
high costs involved with demolition on this scale, and that not insufficient consideration was given to 
other possible solutions. In this study, the goal is to compare different adaptation strategies in terms of 
cost of implementation and efficiency in order to reduce the vulnerability of houses to flooding. The 
strategies are grouped based on: (i) protection, (ii) relocation, (iii) housing architectural adaptation, and 
(iv) preventive warning and evacuation. This work is applied to La Guérinière, an Atlantic coastal town 
at risk of coastal flooding, although it was not impacted by Storm Xynthia. The initial results show that 
the most efficient strategy to reduce housing vulnerability to coastal flooding is also the most expensive. 
Ranked from the most to the least efficient and expensive, the strategies are as follows: (i) relocation, 
(ii) housing architectural adaptation, (iii) protection, (iv) and preventive warning and evacuation. Until 
now, these strategies have been limited as they omit human behaviour in response to coastal flooding 
scenarios. Therefore, this study examines the role of human behaviour in relation to different mitigative 
strategies. The efficiency and costs of the strategies are then reappraised. 
 
Keywords: Xynthia, coastal flood, human vulnerability, residential houses, climate change, 
adaptation strategies, economic assessment. 
1 Introduction  
Storm Xynthia hit the French Atlantic coast from the Loire in the north to the Gironde estuaries 
in the south in February 2010. The combination of strong winds and a high tide coefficient (102) 
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produced an exceptionally high storm surge along the coasts of Vendée and Charente-Maritime that 
resulted in 50,000 hectares in low-lying areas being submerged [1,2]. Despite the area having been 
classified as being at risk of coastal flooding, French stakeholders regarded the risk as being sufficiently 
low to warrant continued urban development [3,4] However, Storm Xynthia in 2010 led to 41 fatalities 
caused by drowning [3,4]. Notably, 93% of deaths occurred in residential buildings. 
Subsequent investigations into the factors contributing to the 41 fatalities highlighted the 
importance of both the location and configuration of residential buildings [3,4]. Statistics show that: (i) 
100% of deaths occurred in buildings subjected to water levels exceeding 1 m; (ii) 90% of deaths 
occurred in buildings located at less than 400 meters from the flood defences; and (iii) 78% of deaths 
were reported in single-storey buildings. Thus the location and configuration of residential buildings 
emerged as the most important variables contributing to human vulnerability to coastal flood events [5]. 
Following Storm Xynthia, the French government decided to implement a “black area policy” 
which involved demolishing houses located in areas of high flood risk areas. This measure was 
criticized for its hasty implementation, the criteria used to delineate the black areas [6], and its high cost 
[7]. The “black areas policy” involves expensive ‘relocation’ in the short-term but is nonetheless 
effective in protecting human life against coastal flood risks. Nevertheless, several questions concerning 
the potential implementation and effectiveness of alternative measures remain. For instance, the 
elevation of flood defences could be increased to protect the more exposed areas instead of demolishing 
houses and relocating people. In addition, single-storey houses could be equipped with a “shelter floor.”  
Against this backdrop, the main objective of this study is to evaluate the vulnerability and costs 
of different adaptation measures to protect occupied houses located in high flood risk areas on the 
French Atlantic coast.  
2 Material and methods  
This section starts by describing and justifying the selection of the study site (Section 2.1). 
Section 2.2 describes and illustrates the methodology proposed to perform the vulnerability diagnosis 
of this site. Section 2.3 details the adaptation strategies that could be implemented to face flooding risks. 
Section 2.4 describes the discount rates used for cost analysis. Finally, section 2.5 presents the 
considered climate change scenarios. 
 
2.1 Study site: La Guérinière town on the Noirmoutier Island 
2.1.1. Noirmoutier Island: a low-lying area 
Noirmoutier Island is a French Atlantic island (area of 49 km²), located in the Vendée department 
(Figure 1). It is a low-lying area. Around 68% of the island would have been under water during storm 
Xynthia if it had not been protected [8]. The island is currently protected from the sea by a 24-km stretch 
of flood defences on the east coast and by a sand barrier on the west coast [9]. 
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Figure 1: Location of La Guérinière town 
 
Since 1968, the population of the island has increased by 19%. Meanwhile, the urbanization 
increased by +162% during the same period [10]. This important growth is mainly due to the 
construction of leisure residential houses which represented 50% of the urbanized area in 2011 [11]. 
However, the new leisure housing is mainly located in low-lying areas [8] and today one-half of the 
constructions is located in potential flooding areas. 
Noirmoutier island was not severely affected by Storm Xynthia in 2010, with only 3% of the 
territory flooded [12]. Since the 1950s, no major flooding events have occurred, but  2/3 of the  island 
were flooded in 1937; however, the relatively unpopulated nature of the island at that time resulted in 
minimal impacts on human life and infrastructure [13]. Taking into account the natural risk of flooding 
of this island, the additional risk related to sea-level rise and the present urbanization of the island, it is 
important to evaluate the potential consequences of an extreme event occurring today. This study 
focuses on one the most vulnerable towns of the island called La Guérinière.  
 
2.1.2. La Guérinière: the most exposed town 
La Guérinière covers 7.8 km² (16% of the island) with 80% of its territory located below the sea-
water level attained during Storm Xynthia (4.20 m NGF) [12]. The town is in the narrowest part of the 
island (less than 800 m between the west coast and the east coast) which increases the risk of coastal 
flooding. On the east coast, La Guérinière is protected from the Bay of Bourgneuf by flood defences 
which are 5 m high (following renovation in 2014) (Figure 1). On the west coast, the town is isolated 
from the Atlantic Ocean by a sand barrier which is high and wide on the north and the south, but narrow 
and less elevated in the central part of the town (approximately 5 m high and 50 m wide) and supported 
by a sea-wall. 
The town had 2,667 houses with 1,460 inhabitants in 2011 [11]. The number of houses has 
increased by 144% since 1968 and presently 73% are located under the sea-water level reached during 
Storm Xynthia [10]. Considering the fact that the town is in the narrowest part of the island and there 
is a large concentration of houses located in low-lying areas, La Guérinière is the most exposed town 
of Noirmoutier Island to coastal flooding.  
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2.2 Description of the Extreme Inherent Vulnerability (VIE) index  
The VIE index is a method developed by Creach (2015) [5] to assess the vulnerability of 
residential buildings subjected to coastal flood risks. It is a micro-scale index that aims to identify 
houses in which people can be trapped inside during coastal flooding events as a function of building 
location and architecture. 
2.2.1. Background 
The method was developed in light of the number of deaths (100%) having occurred inside 
houses during Storm Xynthia Jonkman, and Kelman [14] found that 6% of deaths were located inside 
houses for 13 flood events of relatively low magnitude compared to those generated by Storm Xynthia 
[15]. Jonkman et al. [16] subsequently determined that 54% of fatalities had occurred inside houses 
during Storm Katrina. These data have prompted growing interest in the number of fatalities likely to 
occur during extreme events in the future. 
For Storm Xynthia, the location and configuration of houses were the most important factors 
accounting for the number of deaths. According to Vinet [3], the 41 deaths resulting from Storm Xynthia 
occurred in buildings subjected to water levels in excess of 1 m. Furthermore, 90% of deaths occurred 
in houses within 400 m of flood defences, while 78% occurred in single-storey buildings. These results 
show that location (low-lying area, proximity of flood defences) and configuration (architecture) of 
residential buildings place people at greatest risk during major flood events. 
 
2.2.2. Description of the method 
The VIE index is based on four criteria used to identify the buildings in which death may occur 
during a coastal flood event. These criteria are outlined below (and see Figure 2): 
• The potential water level inside the building in case of flood (Cr1); 
• The distance between buildings and flood defences (e.g. dikes) (Cr2); 
• The architectural type of building (Cr3): (e.g. single or multi-storey); 
• The proximity of buildings to natural rescue points (Cr4) (e.g. areas of higher relief, 
margins of flood prone areas). 
For each criterion, a mark between 4 (high vulnerability) and 0 (no vulnerability) is given for 
each building. To confirm the robustness of the VIE index, a correlation analysis was performed to 
check the independence between the criteria (non-redundancy) and the correlation of criteria with the 
results as this is recommended to generate good composite indicators [17]. A Monte-Carlo test was then 
performed  to confirm the robustness of the index [5] on the basis of the formula in Figure 2  [5], This 
formula gives a score between 0 and 12 which represents the level of vulnerability of houses for people. 
To map the results from the VIE index, four classes were identified (Figure 2): 
• Green class (VIE equal to zero) includes buildings where no vulnerability is identified 
(they are not exposed to coastal flooding). It is important to note that if the result of the first criterion 
(potential water level inside) is 0 (no water inside), the result of the VIE index is null. 
• Yellow class (VIE index from 1-5) concerns buildings that are exposed to flooding but 
their location or characteristics do not result in high risk for people. 
• Red class (VIE index from 5-8) encompasses buildings in which risk particularly 
vulnerable people (young, elder, disabled) are at risk of drowning. 
• Black class (VIE index from 8-12) concerns buildings in which death is highly likely 
to occur in case of flooding due to the location and configuration of the building. 
For purposes of validation, the VIE index was applied to three towns impacted by Storm Xynthia 
and compared to the death toll for this event [5]. It was found that 83% of deaths were in buildings 
identified in the black class by the VIE Index and 17% in the red class. 
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Figure 2: Summary of the VIE Index method 
 
For this study, the VIE index is used to assess the vulnerability of people in houses subjected to 
different flood scenarios (defined in Section 2.5). The VIE index is then applied to estimate the 
efficiency of four adaptation strategies (Section 2.3) to reduce the vulnerability of people residing in 
houses to death by flooding. 
 
2.3 Adaptation strategies 
Various adaptation strategies can be implemented to reduce the vulnerability of houses for people 
and to protect human life from coastal flood risk. Table 1 summarizes the classification of structural 
adaptation strategies found in the literature which could be applied to buildings [18–20]. Moreover, 
prevention and warning are also crucial to prevent fatalities [21–24]. In this way, this study considers 
protection, retreat and two accommodation strategies. The first accommodation strategy encompasses 
housing architectural adaptation that aims to protect the population, and the second includes those 
actions that facilitate preventive warning and evacuation in case of an imminent flooding event.  
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Table 1: Adaptation strategies for housing subjected to coastal flooding risks (adapted from [20]) 
Adaptation strategy Scheme 
Protection: construction of a protective structure that 
reduces the probability of flooding in a particular zone. 
 
Retreat: moving an exposed building to safe zones 
[25]. This strategy was adopted after Storm Xynthia via the 
“black areas policy.” 
 
 
Accommodation: minimization of flood impact by 
renovating housing at the original location.  
 
 
2.3.1 Protection: dike reinforcement and rising 
2.3.1.1 Objectives and implementation 
This strategy artificially aims at maintaining the position of the shoreline permanently 
(construction of a dike or a protective wall), or sand dunes to reduce the likelihood of floods [18–20]. 
Nevertheless, protection structures can fail for three key reasons: (i) structural failure, (ii) over-topping, 
and (iii) improper maintenance or degradation during their life-time. Despite criticisms regarding the 
exponential costs of adapting flood defences [26] and the false sense of security that they provide to 
people living behind these structures [27], this strategy is popular in developed countries [19]. 
This study considers only the adaptation of existing protection facilities to overcome sea-level 
rise due to climate change. In France, since 2015 and the introduction of the GEMAPI law (GEstion 
des Milieux Aquatiques et Prévention des Inondations, i.e. Water Environment and Floods Prevention 
Management), local authorities are now responsible for management of flood defences. This signifies 
a considerable change because prior to 2010, 3000 km of pre-existing flood defences were not managed 
or maintained properly. [22]. 
2.3.1.2 Costs 
Dollet and Sylla [28] quantified the reinforcement and rising costs for a segment of a dike  located 
in Noirmoutier island, France. A dike rise of 120 cm was considered sufficient to raise the dike crest to 
an altitude higher than the present sea level (4.20 m NGF), but also with extra protection (60 cm) to 
mitigate against future sea level rise. The new altitude is 5 m NGF as recommended by Noirmoutier’s 
Council. The total cost of this work was estimated at €500 per m, plus an annual maintenance allowance 
equivalent to 2% of the investment (€10 per m, annually). Although this price range is similar to those 
outlined in other studies [29], it is important to note that these costs vary depending on the initial state 
of the structure, required elevation increase, and/or availability and proximity of necessary construction 
materials. 
2.3.1.3 Impact on VIE Index calculation 
This strategy affects the second criterion of the index which concerns the distance between flood 
defences and buildings. This study considers that flood defences are reinforced and therefore the 
probability of collapse is less important in reducing the risk of flooding (0.5 is retrenched to the mark 
considering that the defence is in a good functional state). In contrast, raising the elevation of flood 
defences could increase the surprise effect in case of failure and therefore increase flood vulnerability 
of houses and their occupants. 
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2.3.2 Retreat: relocation 
2.3.2.1 Objectives and implementation 
In some cases, implementation of protective strategies for high-risk exposure levels becomes 
very expensive and accommodation strategies cannot guarantee a significant decrease in the 
vulnerability of houses and their occupants. Consequently, it is necessary to relocate vulnerable 
buildings outside hazard areas. 
This measure has been previously implemented for housing and facilities placed in zones where 
coastal erosion is unavoidable [19]. Regarding the marine flooding risk, this approach is still new in 
France – i.e., the “black areas policy” was the first example of the application of this strategy  following 
the Xynthia event. The application of the policy led to the demolition of 1628 houses supposedly within 
a high flood-risk zone, resulting in a total cost of €315.7 million. In the context of sea level rise due to 
climate change, this strategy should become widely employed in the future, as  proposed in the French 
national strategy for shoreline management [25]. 
The implementation of this type of strategy requires the purchase and destruction of more 
exposed buildings and facilities. Although retreat is expensive in the short-term, it should eliminate 
future flooding consequences. Like protection, this strategy also concerns mainly public authorities and 
is carried out by friendly takeovers or expropriations.  
2.3.2.2 Costs 
Housing relocation costs after the Xynthia event are not considered in this study. Therefore, the 
costs for this adaptation strategy are estimated based on available information as the sum of purchase 
and demolition costs. Purchase costs in coastal zones are influenced by larger land pressure that differs 
for each construction located in a given location. To account for these variations, this study estimates a 
mean cost per m2 for La Guérinière from information available from three specialized websites 
(http://www.meilleursagents.com/prix-immobilier, http://prix-immobilier.drimki.fr and 
htpp://Efficity.com). Data for seven towns located around La Guérinière zone indicate a mean purchase 
cost of €2,366/m2 with a standard deviation of €555/m2. This cost can then be multiplied by the surface 
area of the buildings shortlisted for demolition to estimate the overall purchase cost. 
Demolition costs are estimated at €20,000 per building, corresponding to the mean cost estimated 
from the website: http://www.renovationettravaux.fr/cout-demolition-maison-prix-devis. Retreat costs 
could be completed by considering additional costs such as those related to land restoration or the 
building costs associated with new “retreat” areas. 
2.3.2.3 Impact on VIE Index calculation 
This strategy has no direct impact on any of the VIE index criteria. In this study, buildings 
identified in the black class without considering adaptation measures are considered too dangerous and 
consequently it is supposed that they need to be demolished. 
 
2.3.3 Accommodation 1: housing architectural adaptation 
2.3.3.1 Objectives and implementation 
This strategy focuses on adapting the buildings to reduce occupants’ vulnerability to coastal flood 
events. The different types of solutions can be classified into two categories: 
• measures that reduce or avoid potential flooding zones: increase the level of the first 
floor by using of stilts, construction mounds around the building, use a floating foundation, etc.  
• measures that provide a safe zone in case of a flooding event: addition of a refuge floor, 
conversion of loft, etc. 
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The implementation of these solutions depends on both the use and temporality of construction. 
For example, the first category would be more suitable for new buildings while the second could be 
more appropriate for existing or secondary constructions. The present study only considers architectural 
adaptation of existing buildings. It will then focus specifically on the construction of a refuge floor, as 
proposed by the French repository for flood prevention works in existing houses [30] (Figure 3). 
 
 
Figure 3: Example of creation of a refuge floor (according to [30]) 
 
Considering that 17% of deaths occurred in single-storey buildings during the Xynthia event 
(Vinet et al., 2011; [31]), the implementation of this adaptation strategy could be cost-effective. 
However, it should be noted that it does not guarantee fully effective security for occupants in case of 
a coastal flooding event. In some cases they could be trapped on the ground floor despite the presence 
of a refuge. The application of the strategy concerns mainly private individual initiatives but it may also 
be supported by public financial incentives. 
2.3.3.2 Costs 
The solution takes into account the recommendation of the French ministry for flood prevention 
works in relation to existing housing [30]. It consists of constructing a refuge floor with the following 
characteristics: (i) surface area varying from 9-20 m2, (ii) a floor level higher than 4.2 m above the sea-
level, and (iii) external access (roof window or balcony) allowing evacuation by helicopter or boat. On 
the basis of these requirements, Festuot and Guillaume [32] estimated that the minimum construction 
cost of a refuge floor of 20 m2 is €19,000. However, this cost may vary depending on the type of existing 
foundation and structure as well as the selection of construction materials. Potential benefits include the 
use of the new space as an active part of the house and to increase the economic value of the building.  
2.3.3.3 Impact on VIE Index calculation 
The measure of housing architectural adaptation has impacts the third criteria of the index: the 
architectural configuration of the house. Single-storey buildings identified in red and black classes in 
the initial results could be adapted by building a rescue level. 
 
2.3.4 Accommodation 2: preventive warning and evacuation 
2.3.4.1 Objectives and implementation 
This strategy aims to facilitate preventive evacuation in case of an alert of a coastal flooding 
event. Kolen et al. [23] affirmed that such an evacuation would significantly reduce human fatalities  
during Storm Xynthia. Moreover, Chadenas et al. [33] showed that prevention could be greatly 
improved for coastal floods in France. However, at the time of Storm Xynthia, no real-time monitoring 
Roof window
Balcony 
accessRefuge floor
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of coastal surges and warning was available along the French Coast [22]. In 2017, the only existing 
system was capable of providing information at the department scale. 
Nevertheless, the effectiveness of an evacuation depends on: (i) the number of people who 
effectively evacuate, which can be extremely variable [21]; and (ii) the time available between the 
beginning of the alert and the occurrence of the storm event as well as evacuation logistics [34]. 
A successful warning and evacuation, in case of a coastal flooding event, requires that people 
have awareness of flooding-risk and that previous preparation has been undertaken. This necessitates 
that appropriate guidelines are issued regarding evacuation procedures and drills conducted every so 
often. The difficulty with such a measure is maintaining risk awareness as an ongoing process. 
This strategy can be executed at two levels: 
• Implementation of preventive measures for population information and education: this 
task could be carried out by disseminating regulatory documents for information and prevention 
(risk prevention plan, communal information document on major risks, communal safeguard plan, 
etc.) and conducting evacuation drills regularly. These actions would facilitate the successful 
evacuation of inhabitants in case of an alert. 
• Development of evacuation equipment or refuge structures: since the total evacuation 
of an area is unrealistic, provision of compulsory household equipment such as the ‘standby 
emergency kit’ (http: //www.developpement-durable.gouv.fr/Kit-d-attente-des-secours-
pendant.html) could be made available following the recommendation of the Ministry of Ecology. 
Specific structures like shelter platforms could also be installed for use as a refuge. Various types 
of refuge platforms have been already implemented elsewhere [10]. 
The application of this strategy depends primarily on public authorities. Nevertheless, several 
private facilities such as holiday centres have already built refuge platforms [10].  
2.3.4.2 Costs 
This study considers the implementation of information and educational measures as well as the 
construction of a refuge shelter platform. Preventive actions are defined at the municipal level. The 
costs of the production and dissemination of the various documents and evacuation training for the 
Flood Prevention Action Plan (PAPI in French) for La Rochelle (France) are €357,000 [35]. An update 
every five years is envisaged to maintain and adapt risk awareness. 
The installation of shelter platforms is compulsory in certain holiday centres and campgrounds. 
According to one company that constructed and installed them (TDEM company), the cost of a platform 
with a capacity of 150-200 people is about €80,000. This cost varies depending on the size and structure 
of equipment (staircases, lifts, etc.). Finally, the cost of household equipment ‘standby emergency kit’ 
is estimated at €250 (personal estimation on the basis of the list given by Ministry of Ecology). 
2.3.4.3 Impact on VIE Index calculation 
This adaptation measure impacts on the proximity of buildings to a rescue point criterion of the 
VIE index. We consider one adaptation scenario where each house is located within 200 m of a natural 
or artificial shelter or safe haven. 
 
2.4 Discount rates 
There is some uncertainty about the level of discount rate, particularly for climate change 
economic assessments (e.g. [36]. France used a discount rate of 8% to evaluate public investments from 
1985 to 2005. However, following the 2005 Lebègue report [37], the ‘Commissariat Général au Plan’ 
has recommended a 4% discount rate for short term investments and a lower discount rate of 2% for 
cash flows occurring after more than 30 years [38]. These discount rates were revised in 2013 by the 
‘Commissariat Général à la Strategie et à la Prospective’ recommending 2.5% and 1.5% discount rates 
for short term (lifetime less than 70 years) and long term investments, respectively [39]. Quinet et al. 
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[39] also recommends carrying out a sensitivity analysis with a 4.5% discount rate to compare new and 
old approaches. Other countries and institutions use different discount rates. The European Commission 
recommends a 5% discount rate [40]; Infrastructure Australia recommends discount rates of 4%, 7% 
and 10% for infrastructure projects [41]; and other discount rates vary from 3% (Germany) to over 10% 
(World Bank) [40]. 
Discount rates are generally assumed to be constant with time. However, this may not be 
appropriate when considering intergenerational effects often associated with climate change policy 
decisions (e.g. [42]. Projects with significant effects beyond 30-50 years are considered 
intergenerational, and so for example, the British Treasury recommends the following time-decreasing 
discount rates [43]: 3.5% (0-30 years), 3.0% (31-75 years), 2.5% (76-125 years), 2.0% (126-200 years), 
1.5% (201-300 years), and 1.0% (300+ years). However, there is some controversy about time-
decreasing discount rates (e.g. [44], and the Australian Office of Best Practice and Regulation (OBPR) 
states that ‘there is no consensus about how to value impacts on future generations’ and ‘Rather than 
use an arbitrarily lower discount rate, the OBPR suggests that the effects on future generations be 
considered explicitly’ [45]. Nonetheless, the 2006 U.K. Stern Review adopted a discount rate of 1.4% 
[46], and the Australian Garnaut Review adopted discount rates of 1.35% and 2.65% [47]. These 
relatively low discount rates were selected so as not to underestimate climate impacts on future 
generations. However, others suggest higher discount rates when assessing economic impacts of climate 
change (e.g, [48]). 
The above quantification of discount rates relates mainly to public-sector investments in 
infrastructure. Private investments in infrastructure, such as the owners of a port, power station or 
airport (etc), tend to include a risk premium which leads to a higher discount rate [49]. The marginal 
rate of return of private investments is suggested as one method to derive discount rates for private 
investments (e.g. [42]). According to [42], the best ‘proxy’ for the marginal rate of return of private 
investments is the before-tax rate of return on corporate bonds - or approximately 4.5%.  
The present study considers the discount rate recommended by the ‘Commissariat Général à la 
Strategie et à la Prospective’ in 2005 in the Lebègue report [37]. 
 
2.5 Climate change scenarios 
This study analyses the vulnerability of houses for people and costs of adaptation strategies for 
four scenarios of coastal flooding: frequent, medium, medium including sea level rise in 2100 and 
extreme. These scenarios have been defined on the basis of studies made by the French administration 
to implement the Flood Directive [50]. We use the values proposed in a study carried out in Fromentine 
which is close to La Guérinière [51]. Table 2 describes the characteristics of each scenario. 
 
Table 2: Description of the considered coastal flood scenarios (based on [51]) 
Scenario Return period 
Sea water level at Fromentine (in front of 
Noirmoutier Island) 
Frequent 10 years 3.6 m NGF 
Medium 100-300 years 4.2 m NGF 
Medium + SLR* Same as above + 0.6 m 4.8 m NGF 
Extreme 1000 years or more 5.2 m NGF 
*SLR means Sea Level Rise 
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Based on the sea levels presented in Table 2, the potentially flooded areas were determined using 
a “static” flood model [52] that uses high resolution topographic datasets (Lidar Litto-3D) [53] and 
considers that inland areas located below sea level are inundated within 100 m of the seashore. The 
difference between sea level and the ground level of the house permits the potential water level in case 
of flooding to be estimated. This method is relatively simple but has some limitations that are discussed 
in Section 4. 
3 Results 
3.1 VIE Index for existing housing configuration 
For each flood scenario, we calculated the results of the VIE index for every house (2817 houses 
identified in total) of La Guérinière. Table 3 summarizes the results for the flood scenarios. As expected, 
vulnerability of houses for people increases with the intensity of the coastal flood event. For frequent, 
low magnitude events, half of the buildings (47%) are located outside the flooded zone whereas only 
26% are outside during high magnitude, low frequency events.  This means that 74% of the houses in 
La Guérinière could be flooded during an extreme flood. Houses within the red and black classes are 
the most vulnerable. In particular, for the black class, the number of houses increases from 469 
(frequent, low magnitude event) to 758 (infrequent, high magnitude event). 
 
Table 3: Results of the VIE index without measures, depending on the hazard scenarios 
 
 
3.2 VIE index considering adaptation strategies 
In the second instance, the VIE index was calculated considering the adaptation strategies 
presented in Section 2.3. These results allow us to compare the results with and without adaptation 
measures. For example, Figure 4 shows the result of VIE index for the medium hazard event, without 
measures (above map) and with architectural adaptation of houses (below map). 60% of La Guérinière 
houses are single-storey constructions that lack adaptation. This percentage is reduced to 2% when the 
adaptation measure is included. This difference has a significant impact on the VIE index; for instance, 
the black class is reduced from 25% (without adaptation) to 4% (after architectural adaptation), thus 
representing a significant decrease in the vulnerability of houses and their occupants to flooding. 
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Figure 4: Maps showing the results of the VIE Index on La Guérinière for a medium coastal flood event, 
without adaptation measures (above) and with housing architectural adaptation (below). 
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Tables 4 to 7 summarize the VIE indexes for each of the adaptation strategies. Each adaptation 
strategy has a different performance depending on the hazard level. In a global manner, retreat is the 
most efficient measure because all the houses considered as the most dangerous (black class) are 
demolished. As seen in Table 4, the black class is empty. However, from political, economical and 
social points of view, it is harder to implement when considering the destruction of 16% (frequent event) 
to 29% (extreme event) of the municipality buildings [54]. 
The second most efficient measure is that of housing architectural adaptation (Table 5). It reduces 
the number of dangerous houses from 95% (for a frequent event) to 42% (for an extreme event) with 
respect to the initial situation (Table 3). The protection measure (Table 6) reduces this part from 46% 
(frequent event) to 26% (extreme event). Finally, warning and evacuation measures appear to be less 
efficient (Table 7), but their efficiency increases with the intensity of the coastal flood hazard. For 
example, for a frequent event, it reduces the portion of black class houses from 2.3%, whereas this 
portion reaches 14% for an extreme event. This inefficiency is because of human behaviour rather than 
housing architectural adaptation while the efficiency is, here, only measured in terms of the number of 
“dangerous” houses. 
 
Table 4: Results of the VIE index for retreat measures, depending of the hazard scenarios 
 
Table 5: Results of the VIE index for housing architectural adaptation measures, depending on the hazard 
scenarios 
 
Table 6: Results of the VIE index for protection measures, depending on the hazard scenarios 
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Table 7: Results of the VIE index for warning and evacuation measures, depending on the hazard scenarios 
 
3.3 Costs of adaptation scenarios 
Underpinning the theoretical efficiency, each adaptation strategy has a cost which is estimated 
according to the values described in Section 2.3. This section provides the overall cost for the 
implementation of the strategies. The detailed costs per strategy and for the different hazard scenarios, 
are detailed in Appendix A. These costs are given for investment and maintenance over total lifetimes 
of 20, 50 and 100 years, considering the discount rates defined in Section 2.4. 
Figure 5 summarizes the costs for the considered adaptation strategies and hazard scenarios. The 
evolution of cost is also given for the two strategies that are concerned with maintenance (protection, 
warning and evacuation) as a function of the expected lifetime. There are major differences in the costs 
of each of the four strategies. The cost and efficiency trends follow the same pattern: the most efficient 
strategies are the most expensive. Retreat is the most efficient and expensive adaptation strategy. Its 
cost varies between €138 billion (469 houses in the black class to be demolished), and €228 billion (758 
houses in the black class to be demolished) for frequent and extreme coastal flood events, respectively. 
These costs are around ten times greater than the cost of housing architectural adaptation that ranges 
from €17 billion (adaptation of 860 single-story houses) to €22.5 billion (adaptation of 1,167 single-
story houses) for frequent and extreme coastal flood events, respectively. 
Figure 5 also indicates that the cost of protection is not influenced by the coastal flood hazard 
level. Rather it is controlled by an arbitrary renovation of dike elevation (+5 m – NGF) imposed for all 
hazard scenarios in keeping with work done previously by Noirmoutier Council. 
The initial cost of protection is €3.8 billion. Depending on the envisaged maintenance and 
lifetime of the coastal defences, the total cost could reach €5.9 billion in 100 years. Finally, the less 
efficient strategy, warning and evacuation, appears to be around 100 times cheaper than the retreat 
strategy. The initial investment costs vary from €1.6 billion to €2.4 billion for frequent to extreme 
events, respectively. As mentioned in Section 0, to be efficient, this measure needs to maintain 
population risk awareness with updates every 5 years (documents and evacuation training). In 
consequence, for a lifetime of 100 years, the cost increases from €3.9 billion to €4.9 billion for frequent 
and extreme events, respectively. 
These first results estimate the level of efficiency and costs for each adaptation strategy. A 
measure is proposed in the following section to relate both indicators. 
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Figure 5: Summary of the costs of various adaptation measures, depending on the hazard scenario 
 
4 Discussion 
4.1 Assessment of the cost/efficiency of adaptation strategies 
Cost and efficiency results separately do not provide sufficient information for policy makers. 
The European Commission [50] recommends performing an economic analysis in flood management 
projects to ensure transparency [55] and to provide firm choices in the context of SLR [56]. Different 
methods are used for economic analysis [57]: (i) cost-benefit analyses, (ii)  cost-effectiveness analyses, 
and (iii) multicriteria analyses, etc. In this study, we propose to link (i) the adaptation cost with (ii) the 
reduction of risk related to the implementation of an adaptation strategy, Δrisk. Δrisk (as a 
percentage) is estimated as a function of the number houses in the black class with and without the 
implementation of the adaptation strategy by using the following equation: 
Δrisk =
𝑛𝑏𝑤𝑖𝑡ℎ 𝑎𝑑𝑎𝑝− 𝑛𝑏𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑑𝑎𝑝
𝑛𝑏𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑑𝑎𝑝
× 100    (1) 
where 𝑛𝑏𝑤𝑖𝑡ℎ 𝑎𝑑𝑎𝑝 and 𝑛𝑏𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑑𝑎𝑝 are respectively the number of houses in the black class 
with and without considering the adaptation strategy. 𝑛𝑏𝑤𝑖𝑡ℎ 𝑎𝑑𝑎𝑝 and 𝑛𝑏𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑎𝑑𝑎𝑝 are estimated 
from the results presented in Section 3. 
Figure 6 shows the adaptation costs and Δrisk of the considered adaptation strategies. The 
analysis also indicates that the reduction of risk is most important for the more expensive adaptation 
strategies. Strategies when ranked from the most efficient and expensive to the less efficient and 
expensive are as follows: (i) retreat; (ii) housing architectural adaptation; and (iii) protection, warning 
and evacuation. These results indicate that the choice of the adaptation strategy revolves around the 
goal which is either to maximize efficiency or minimize costs. Nevertheless, these results (and therefore 
the ranking) could have some limitations, especially for efficiency assessments for which there are 
many uncertainties. 
The main uncertainty is related to human behaviour. Indeed, to assess the efficiency of strategies 
to protect human life we used an index based on the vulnerability of houses for people. However, human 
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behaviour can increase or lower vulnerability. During Storm Xynthia, there were five deaths in houses 
where people had the possibility of escaping to a higher floor. As a consequence it can be concluded 
that architectural adaptation is not sufficient to prevent death in the case of flooding because human 
behaviour is a key factor [3,14,34]. 
 
 
Figure 6: Summary of the cost/efficiency evaluation 
 
Thus, prevention, warning and evacuation can be viewed as an important strategy to reduce loss 
of life. The fact that it appears  to be the less efficient strategy in the present work is because efficiency 
is measured as a reduction of building’s vulnerability for people. To be more realistic, efficiency should 
be measured as a number of lives potentially saved with adaptation strategies. Several existing methods 
could be used [58]. By measuring efficiency in terms of the number of lives saved, prevention warning 
and evacuation would probably appear far more efficient and at an affordable cost. 
Uncertainties regarding costs also need to be considered. First, he cost of protection had been 
estimated for reinforcement and increasing the elevation of flood defences to 5 m NGF, which is below 
the projected sea level for an extreme event (5.20 m NGF). It would be useful to estimate the costs 
associated with increasing the elevation of flood defences to over 5 m NGF which would undoubtedly 
increase the total cost of the strategy. Sea level rise may necessitate further upgrades in coastal defences 
that result in exponential costs [26]. Second, the cost of retreat is an average cost of different websites 
based on real-estate estimation. The sources of their dataset are not clearly explained in the websites 
which introduces uncertainties regarding future costs. 
Other limitations of this study include the efficiency of the protection strategy in relation to an 
extreme event. For a sea-water level of 5.20m NGF, 5 m high flood defences are likely to be overtopped, 
and consequently, the strategy is not sufficient to cope with high magnitude flooding events. 
Finally, this study addresses the cost/efficiency of adaptation strategies separately. However, the 
best way to reduce the vulnerability of houses for people is to combine prevention of inhabitants with 
different levels of adaptation and protection. Combining these measures could contribute to the 
increased awareness of inhabitants in flood-prone coastal areas. The utilisation of structural strategies 
to reduce the vulnerability of houses  and the occupants could help to optimise costs [10]. 
 
 
17 
4.2 The VIE index: limits of datasets and method 
The VIE index is a key issue for this study because it estimates the vulnerability of houses and 
their occupants to flooding as well as considering the efficiency of the different adaptation strategies. 
Nevertheless, some limits need to be highlighted regarding both the methods and datasets used. 
First, an inherent limitation of the dataset used is the architectural type of house, which is used 
for the calculation of the third criterion of the index. It was obtained by [8]. This study performed field 
observations in order to determine the type of building. Nevertheless, this work was only carried out 
for houses exposed to flood for the medium + SLR scenario (4.80 m NGF) and more frequent scenarios. 
Houses outside the flood zone in this scenario are expected not to be vulnerable according to the VIE 
index and so no field observations were made for it. For the present study, the vulnerability of houses 
was analysed for people in relation to an extreme coastal flooding event (5.20 m NGF). Logically, more 
houses are included than for the previously mentioned scenario; however, due to the data available, no 
architectural type is known for these houses which introduce errors when recalculating the VIE index 
for these buildings.  Thus, there are 191 houses (7% of buildings) for which the VIE Index is calculated 
based on the other scenarios. In consequence, for the extreme scenario, the non-identified class is  more 
important than for the other scenarios. 
Second, Creach et al. [5] presented limits of the VIE index method and proposed different ways 
to improve it. The main limit is the use of a static flood method which increases the potential water 
level, particularly in extensively flooded areas like marshes [52]. To be more realistic, a two-
dimensional hydraulic model coupled with a probabilistic model of the failure of the flood defences 
could be utilised [59]. However, the static method allows every building in a potentially flooded area 
to be ranked equally and to focus more on the vulnerability than the hazard. It offers the possibility of 
modelling the worst case scenario, which is the focus of emergency planning efforts [24]. 
Finally, two additional parameters overestimate the potential water level inside the buildings and 
could increase the result of the first parameter of the VIE index. This level is estimated on the basis of 
the flood level and the ground level of the house. The ground level of the house is taken from the ground 
level derived from LiDAR datasets. [60] identify several uncertainties for LiDAR datasets, particularly 
in marshes for which the accuracy could be lower owing to the presence of water. Urbanized areas could 
also be sources of uncertainty. For example, the Litto-3D program [53] gives an accuracy of +/- 20 cm 
in elevation for the Digital Elevation Model in the worst cases. Moreover, we used the ground level as 
the reference for the ground floor of houses. Nevertheless, there is in some cases a difference of 20-60 
cm between the ground level and the ground floor. This difference is automatically added to the 
potential water level which is probably overestimated. 
5 Conclusions 
In this study we have identified four strategies to reduce the vulnerability of houses for people in 
the context of SLR: (i) protection with the reinforcement and increased height of existing flood 
defences, (ii) retreat of buildings most at risk of flooding, (iii) housing architectural adaptation, and (iv) 
preventive warning and evacuation. These four strategies were applied on a virtual basis to La 
Guérinière town which is particularly susceptible to coastal flooding. This was carried out to compare 
the costs and the efficiency of their implementation for four coastal flood events: frequent, medium, 
medium + SLR and extreme. Assessments of probable costs are rooted in other estimates provided in 
the literature. Efficiency was assessed using the VIE Index method [5] which evaluates the vulnerability 
of houses for people. It was observed that the costliest strategies are also the most efficient. Ranked 
from the most to the least expensive and efficient, they are: (i) retreat (more than €138 billion), (ii) 
housing architectural adaptation (more than €17 billion), (iii) protection (more than €3.8 billion), and 
(iv) prevention (more than €1,6 billion). Costs increase and efficiency decreases for greater coastal 
flood intensity. 
Despite its cost, the retreat strategy is necessary for the most exposed houses. Housing 
architectural adaptation is a less expensive strategy which can be adopted for the least exposed houses. 
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Protection and preventive warning and evacuation are less efficient. However, it is important to 
highlight that the way to measure efficiency of the strategies has some limitations. Although we measure 
it in terms of the reduction in the proportion of dangerous houses (black class of the VIE Index), the 
preventive warning and evacuation strategy is more focused on the improvement of human behaviour 
than on the reduction of the level of vulnerability of houses for people. The best way would be to assess 
the efficiency in terms of the number of lives saved when each strategy is employed. This could be done 
using methods of estimating flood fatalities and introducing a parameter of vulnerability of houses for 
people which can increase or decrease the risk of death. This may be a viable way to assess the cost-
efficiency of adaptation strategies to coastal flooding within the context of SLR. 
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Appendix A: Costs of adaptation strategies 
Table 8 : Cost of the measure of protection 
 
 
 
22 
Table 9: Cost of the measure of retreat 
 
 
Table 10: Cost of the measure of housing architectural adaptation 
 
 
Table 11: Cost of the measure of prevention and evacuation 
 
